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The effects of solvent composition on both the maximum charge states and charge state
distributions of analyte ions formed by electrospray ionization were investigated using a
quadrupole mass spectrometer. The charge state distributions of cytochrome c and myoglobin,
formed from 47%/50%/3% water/solvent/acetic acid solutions, shift to lower charge (higher
m/z) when the 50% solvent fraction is changed from water to methanol, to acetonitrile, to
isopropanol. This is also the order of increasing gas-phase basicities of these solvents, although
other physical properties of these solvents may also play a role. The effect is relatively small
for these solvents, possibly due to their limited concentration inside the electrospray interface.
In contrast, the addition of even small amounts of diethylamine (,0.4%) results in dramatic
shifts to lower charge, presumably due to preferential proton transfer from the higher charge
state ions to diethylamine. These results clearly show that the maximum charge states and
charge state distributions of ions formed by electrospray ionization are influenced by solvents
that are more volatile than water. Addition of even small amounts of two solvents that are less
volatile than water, ethylene glycol and 2-methoxyethanol, also results in preferential
deprotonation of higher charge state ions of small peptides, but these solvents actually
produce an enhancement in the higher charge state ions for both cytochrome c and myoglobin.
For instruments that have capabilities that improve with lower m/z, this effect could be taken
advantage of to improve the performance of an analysis. (J Am Soc Mass Spectrom 2000, 11,
976–985) © 2000 American Society for Mass Spectrometry
Electrospray ionization (ESI) [1] is well recognizedas a soft ionization method for producing gas-phase ions of large biopolymers, such as oligonu-
cleotides, proteins, and even noncovalent biomolecular
complexes [2]. In combination with mass spectrometry,
molecular masses of large molecules can be measured
with unprecedented accuracy [3]. The multiple charg-
ing of large analyte ions that occurs with ESI has the
advantage that the masses of very large molecules can
be measured using mass spectrometers with upper
mass-to-charge limits. One outstanding challenge in ESI
mass spectrometry is to accurately predict the observed
charge state distribution of a large molecule, given its
primary structure, the composition of the solvent sys-
tem from which the ions are formed, instrumental
conditions, etc. Several factors have been shown to
influence the observed charge state distribution, includ-
ing molecular conformation [4–6], acid–base chemistry
both in solution and in the gas phase [7–11], solvent
composition [8], instrumental factors, etc. Several mod-
els have been proposed to qualitatively account for
some of these effects [12–15].
A general conclusion from several studies is that the
electrospray charge state distributions of proteins
formed from denaturing solution conditions are shifted
to higher charge states (lower m/z) than those formed
from solutions in which the protein has significant
tertiary structure. This effect is widely attributed to
reduced Coulomb repulsion afforded by more elon-
gated conformations and increased accessibility of the
basic residues in the protein. For example, Chowdhury
et al. [4] measured the effects of acid denaturation of
cytochrome c on the resulting ESI mass spectra, and
found a correlation between the observed charge state
distributions and the solution-phase conformations of
cytochrome c. A similar observation was made by
Le Blanc et al. [5] using heat denaturation. Loo et al. [6]
found that charge state distributions correlate with the
denaturing capacities of different solvents.
Although there is a strong dependence of the charge
state distribution observed in ESI mass spectra on the
solution-phase conformation of the molecule, there is
little dependence on the solution-phase charge state [7,
8, 11]. Wang et al. [7] electrosprayed bradykinin and
Address reprint requests to Dr. Evan R. Williams, Department of Chemis-
try, University of California, Berkeley, 94720. E-mail: williams@cchem.
berkeley.edu.
© 2000 American Society for Mass Spectrometry. Published by Elsevier Science Inc. Received May 17, 2000
1044-0305/00/$20.00 Revised July 14, 2000
PII S1044-0305(00)00169-0 Accepted July 15, 2000
gramicidin S from basic (pH ; 11.9) and acidic (pH ;
2.9) solutions. For bradykinin, the calculated solution
equilibrium ratio, [M 1 2H]21/[M 1 H]11, changes by
nearly nine orders of magnitude over this pH range,
whereas this ratio in the ESI mass spectra changes by
only a factor of ;6.6. Thus, there is little correlation
between the charge state distribution in bulk solution
and the charge state distribution observed in the ESI
mass spectra for this compound. Similar results were
reported by Le Blanc et al. [8] who electrosprayed
gramicidin S from aqueous solutions containing 0.2 M
nitrogen-containing bases. They found that the ratio,
[M 1 2H]21/[M 1 H]11, does not depend on the solu-
tion pH, but rather this ratio decreases with increasing
proton affinity of the base. These results are consistent
with the higher charge state ions undergoing preferen-
tial proton transfer to the organic base. Carbeck et al.
used protein charge ladders, capillary electrophoresis,
and ESI mass spectrometry to show that the charge state
distribution observed in ESI mass spectra does not
reflect the net charge of proteins in solution [11].
Whereas predicting the charge state distribution is a
challenge, more success has been obtained at predicting
the absolute maximum number of charges an ion can
retain. Covey et al. [15] proposed that the maximum
charge state of a peptide or protein should correspond
to the number of basic sites (Arg, Lys, His, and the
N-terminus). In many cases, this works quite well.
However, there are also very significant deviations. For
example, actin and S4 ribosomal protein both have 46
basic sites, yet the maximum observed charge states
reported in the literature for these proteins are 591 and
301, respectively [16]. Thus, actin can retain signifi-
cantly more protons than basic sites, whereas the oppo-
site is true for S4 ribosomal protein.
Schnier et al. [16] proposed a model for quantita-
tively calculating the maximum charge state of a pro-
tein based on the energetics and kinetics of proton
transfer from the analyte ions to solvent molecules. The
apparent gas-phase basicities (GBapp) of basic sites in
the ion are calculated based on their intrinsic gas-phase
basicities (GB) and the Coulomb energy from interact-
ing charges:
GBapp ’ GBIntrinsic 2 O
i51
n q2
~4p«0!«rri,t
where q is charge, «0 is the permittivity of vacuum, «r is
the effective dielectric polarizability, and ri,t is the
distance between the basic site and the ith neighboring
charge. Ions electrosprayed from denaturing solutions
are modeled as elongated one-dimensional strings. The
GBapp of each charge state is calculated from the lowest
energy charge configurations found using a pseudoran-
dom walk algorithm. These calculations are described
in more detail elsewhere [16]. Using this model, Schnier
et al. found a good correlation between the maximum
observed charge state and the first charge state with a
GBapp below the GB of methanol. For 13 commonly
electrosprayed proteins, the calculated maximum
charge states agree with the experimental values re-
ported in the literature within an average of 6%. Excel-
lent agreement with experimental values was also ob-
tained for a series of arginine-containing peptides using
a slightly modified model in which conformations of
the peptide termini were modeled more explicitly [16].
Very recently, Ridge and co-workers [17] showed
that this simple point charge model for calculating
GBapp values also produces good agreement with ex-
perimentally measured values for three highly basic
peptides. The authors noted, however, that the maxi-
mum charge state of the peptide (KAP)10, when electro-
sprayed from water/isopropanol solution, resulted in
mass spectra with a maximum charge state of 101,
whereas the maximum based on the calculated GBapp
and the GB of isopropanol is 81. The authors stated that
“the proton affinity of the most volatile solvent does not
appear to determine the maximum charge state ob-
served.” They went on to suggest that the maximum
charge state may be more dependent on the proton
affinity of the less volatile solvent.
Here, we show that the proton transfer reactivity of
organic solvents in aqueous/organic/acetic acid solu-
tions, whether more or less volatile than water, does
influence both the maximum and the average charge
states observed in ESI mass spectra. Although clearly
observable for organic solvents with relatively low GB,
this effect is not as large as one would expect based on
the relative values of the calculated GBapp of the ions
and the GB of the organic solvents that one would
predict based on the ion–molecule kinetics measured
under the ultrahigh vacuum and long time frame con-
ditions of FT/ICR experiments. The charge-reducing
effect is more dramatic for more basic solvents. How-
ever, other factors, such as the concentration of the
solvent and total number of gas-phase collisions, also
influence the extent of deprotonation that occurs.
Experimental
Experiments were performed on a quadrupole mass
spectrometer with an in-house-built external electros-
pray source. This instrument is described elsewhere
[18]. Ions are generated using nanoelectrospray [19]
(flow rates between 60 and 200 nL/min). The nanoelec-
trospray needles are made from 1.0 mm o.d./0.78 mm
i.d. borosilicate capillaries pulled to a tip with an inner
diameter of ;4 mm using a micropipette puller (Sutter
Instruments, Novato, CA). The electrospray is initiated
by applying a potential of ;1000 V to a Pt wire inserted
into the nanoelectrospray needle to within ;1 mm of
the tip. The wire and nanoelectrospray needle are held
in place with a patch clamp holder (WPI Instruments,
Sarasota, FL). The electrospray ions are sampled from
atmospheric pressure through a 12-cm long stainless
steel capillary (0.50 mm i.d.) heated to a temperature of
195 °C. This temperature is higher than that of the gas
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that passes through the capillary. The flow rate of gas
into the capillary is 1.0 L/min.
Bath gas containing various solvents is generated by
passing compressed nitrogen gas through a bubbler
containing the solvent of interest. The bubbler was
made from a 2.0 L filtration flask containing ;0.75 L of
the solvent and stoppered with a No. 6 rubber stopper.
A glass tube (6 mm o.d.) passing through a hole in the
stopper is used to bubble nitrogen into the liquid
solvent within the flask. Polyvinyl tubing (0.63 cm i.d.)
is used to transfer gas between the compressed gas
regulator, the bubbler, and the electrospray source. The
gas is introduced through the side of a cylindrical
plastic sleeve that completely surrounds the electros-
pray needle and heated metal capillary. The flow of
bath gas (14 L/min) is counter to the electrospray.
Measurements of pH are made using an Orion Model 9
pH electrode interfaced to an Orion Model 601A Ionana-
lyzer (Orion Research, Beverly, MA). The addition of
organic solvent to an aqueous solution at a level of 50%
does not change the pH significantly (,0.2 pH units for
methanol) [20].
Equine cytochrome c (.95%) and equine myoglobin
(95%–100%) were purchased from Sigma Chemical (St.
Louis, MO) and used without further purification. Stock
solutions of the two proteins were prepared by dissolv-
ing 4.95 and 6.78 mg of cytochrome c and myoglobin,
respectively, in 4.0 mL of water. Aliquots of these
solutions were diluted by a factor of 10 in the solvent
system of interest to produce solutions with analyte
concentrations ;10 mM. All reported solution compo-
sitions are on a v/v basis. All organic solvents, acids,
and bases were obtained from Aldrich Chemical (Mil-
waukee, WI).
The apparent GBs of charge states of cytochrome c
(161 through 211) and myoglobin (271 through 331)
were obtained from the literature [16]. All GB values for
the solvent molecules were obtained from [21].
One parameter used to describe a given charge state
distribution is the average charge state (qaverage). This
parameter is computed as follows:
qaverage 5
O
i51
N
qi z wi
O
i51
N
wi
where N is the number of observed analyte charge
states in a given mass spectrum, qi is the net charge of
the ith charge state, and wi is the signal intensity of the
ith charge state.
Results and Discussion
Effects of Solvent Gas-Phase Basicity
A number of experimental parameters influence both
the maximum number of charges and the charge state
distributions observed in ESI mass spectra of large
molecules. In an attempt to reduce the number of
variables that influence the observed charge states,
electrospray solutions containing organic solvents were
prepared such that the aqueous fraction (GB of water is
158 kcal/mol) of the electrospray solutions was kept
constant at 47%. The remaining fraction of organic
solvent, methanol (GB 5 173 kcal/mol), acetonitrile
(GB 5 179 kcal/mol), or isopropanol (GB 5 182 kcal/
mol), was 50%. 3% acetic acid (GB 5 180 kcal/mol) was
added to all samples to enhance formation of high
charge states and reduce effects due to protein confor-
mation in solution. A solution with water in place of the
organic solvent was also prepared.
Electrospray spectra obtained from these solutions
containing cytochrome c and myoglobin are shown in
Figures 1 and 2, respectively. From these spectra, it is
apparent that the charge state distribution shifts to
lower charge (higher m/z) with increasing GB of the 50%
constituent solvent. For cytochrome c, the average
charge state shifts from 16.8 to 15.6 when the 50%
fraction is changed from water to isopropanol (the
standard deviation in the average charge state obtained
from five repetitive measurements is 0.07). This shift for
myoglobin is 21.1 to 19.7. In addition to the overall shift
in charge state distributions, there is a noticeable reduc-
tion in the abundance of the maximum charge state
observed in these spectra. For cytochrome c, the 211
ion observed with water (1.6% abundance) is not ob-
Figure 1. Cytochome c (1025 M) electrosprayed from 47%/
50%/3% water/solvent/acetic acid solutions, where the “solvent”
was (a) water, (b) methanol, (c) acetonitrile, or (d) isopropanol.
The calculated maximum charge states are 271, 211, 191, and
191 for (a), (b), (c), and (d), respectively.
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served with the solution containing isopropanol (below
detection limits of 0.6% abundance). For myoglobin, the
281 charge state is observed for both water- (10%
abundance) and isopropanol- (1% abundance) contain-
ing solutions, but the abundance of this charge state in
the latter is significantly lower.
Although there is a clear shift in the charge state
distribution to lower charge with increasing GB of the
constituent 50% solvent fraction, the shift in maximum
charge state is not as significant as would be predicted
based on just the relative values of the GB of the solvent
and the calculated GBapps of the charge states for these
two proteins. For cytochrome c in water- and isopropa-
nol-containing solutions, the calculated maximum
charge state based on these relative values is 271 and
191, respectively. Similarly, the calculated maximum
charge state of myoglobin should shift from 371 to 271
with these two solutions. Clearly, the magnitude of the
shift in maximum charge states is only a small fraction
of that predicted based solely on the GBapps of the
protein ions and the GB of the 50% fraction solvent.
All of these solutions contain acetic acid, which has a
higher boiling point than water (118 °C) and a higher
GB (180 kcal/mol) than all of the organic solvents
except isopropanol. Even though its concentration is
initially low in bulk solution (3%), its concentration in
electrospray droplets is enhanced due to its low vapor
pressure [22]. Thus, the presence of even small amounts
of acetic acid may have an impact on the observed
charge state distribution due to its proton-acceptor
reactivity. To test this, solutions containing 2% formic
acid (GB 5 170 kcal/mol) were prepared and electros-
prayed (2% formic acid is approximately equimolar
with 3% acetic acid). Similar charge state distributions
were observed, indicating that acetic acid was not
acting as a significant proton acceptor at low concen-
trations. Note that increasing the concentration of acetic
acid (up to 90%) does result in a shift to lower charge.
Diethylamine
In contrast to the small shift in charge state distributions
observed for methanol-, acetonitrile- and isopropanol-
containing solutions, a much more dramatic shift is
observed for solutions containing even small amounts
(,0.5%) of diethylamine (DEA; GB 5 220 kcal/mol;
boiling point 55 °C). This effect is illustrated in Figure 3
which shows electrospray mass spectra of cytochrome c
from 47%/50%/3% water/methanol/acetic acid solu-
tions containing 0.01% to 0.2% DEA. The maximum
observed charge state with 0.2% DEA is 171; the
calculated maximum charge state based on relative
apparent GBs is 61. At higher DEA concentrations
(.0.4%), the maximum charge state shifts even lower
until analyte signal diminishes below detection limits.
Thus, there is a strong dependence of the observed
charge state on DEA concentration. However, the
Figure 2. Myoglobin (1025 M) electrosprayed from the same
solution matrixes described in the caption of Figure 1. The
calculated maximum charge states are 371, 301, 291, and 271 for
(a), (b), (c), and (d), respectively.
Figure 3. Electrospray mass spectra of cytochrome c (1025 M) in
47%/50%/3% water/methanol/acetic acid sprayed from solu-
tions containing (a) 0.01%, (b) 0.03%, and (c) 0.2% diethylamine
(GB 5 220 kcal/mol).
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charge state shift is not nearly as significant as would be
expected based solely on proton transfer reactivity
experiments performed on an Fourier transform/ion
cyclotron resonance (FT/ICR) instrument.
In addition to acting as a proton acceptor from
cytochrome c, diethylamine also increases the pH of the
solutions from which cytochrome c is electrosprayed.
Such a pH change can also result in a change of charge
state distribution to lower charge due to changes in
protein conformation with varying pH [4]. In order to
determine the extent to which the charge reduction is a
consequence of solution pH, two separate experiments
were performed. In both, cytochrome c (10 mM) was
electrosprayed from 47%/50%/3% water/methanol/
acetic acid solutions containing between 0% to 0.4%
DEA. In one experiment, the pH of one set of DEA-
containing solutions was adjusted to that of the solution
containing no DEA (pH ;2.5) by adding the requisite
amount of hydrochloric acid to each solution. The pH of
the other set of DEA-containing solutions was not
adjusted. Thus, the corresponding solutions of the two
sets had identical analyte concentrations, solvent ma-
trixes, and DEA concentrations. However, the solutions
in the first set were of constant pH, whereas the pHs of
the second set varied with their DEA concentrations.
Electrospray mass spectra were obtained from each
of these solutions. Figure 4 shows the maximum (Figure
4a) and average (Figure 4b) charge states of cytochrome
c obtained from these two sets of solutions as a function
of DEA concentration. Both the maximum and the
average charge states decrease with increasing DEA
concentration for both sets of solutions. However, the
reduction is greater in magnitude for the set of unal-
tered pH than for the constant pH set. For the set with
unaltered pH, the maximum and the average charge
state decreases 43% and 41%, respectively. These values
for the set with constant pH are 14% and 11%, respec-
tively. If the charge state distribution is determined
solely by the charge state of the analyte in solution, i.e.,
solution pH, then the set of solutions with constant pH
should have the same maximum and average charge
state despite the varying DEA concentrations. As also
shown by others [7, 8, 11], this is clearly not the case.
At a given pH, the ratio of protonated to neutral
DEA remains nearly constant (2.7 3 108 at pH 2.5). The
absolute amount of neutral DEA increases with increas-
ing total DEA concentration for both solution sets.
Thus, there is more neutral DEA available to remove
protons from cytochrome c ions with increasing total
DEA concentration for both solution sets. It should be
noted that the exact pH of the droplets at the point of
ion formation is not known. The droplets are more
acidic than the bulk solution, both due to oxidation of
water in the electrospray needle [23] and to differing
rates of evaporation of the water, organic solvent, and
acetic acid [22].
To further test the effects of pH, a second series of
experiments were performed. Again, two sets of solu-
tions were prepared with the same concentrations of
cytochrome c, water, methanol, and acetic acid as
Figure 4. (a) Maximum and (b) average charge states of cyto-
chrome c as a function of concentration of diethylamine for
solutions acidified to a common pH and solutions with unaltered
pHs.
Figure 5. (a) Maximum and (b) average charge states of cyto-
chrome c when electrosprayed from diethylamine- (GB 5 220
kcal/mol) and ammonia- (GB 5 196 kcal/mol) containing solu-
tions. The ammonia-containing solutions contained enough am-
monium hydroxide such that their pHs matched those of the
corresponding diethylamine-containing solutions (pHs indicated
in upper x axis).
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before. In one set, the DEA concentration was varied
from 0% to 0.4%. In the second solution set, the pH of
the solution was matched to that of the corresponding
solution containing the DEA by adding ammonium
hydroxide. Thus, the corresponding solutions of the
two sets had the same pH, but contained species with
different gas-phase basicities (GB of DEA is 220 kcal/
mol, GB of ammonia is 196 kcal/mol). The maximum
and the average charge states from ESI mass spectra of
these solutions are shown in Figure 5. Both the maxi-
mum and the average charge states of cytochrome c are
reduced more for solutions containing DEA than for the
ammonia-containing counterparts. The maximum and
the average observed charge states are reduced by 48%
and 42%, respectively, as the DEA concentration in-
creases from 0% to 0.4%. These values for ammonia-
containing pH analogs are only 14% and 17%, respec-
tively. Thus, any conformational change or physical
property of the protein that is solely dependent on pH
cannot be causing the extra charge-reducing effect due
to DEA. The most likely explanation is that the DEA is
acting as an effective proton acceptor from higher
charge states of cytochrome c. Another possible expla-
nation is that any protonated DEA which is desorbed
independently reduces the overall charge available to
the protein.
Effects of Collision Rate
The results described above are entirely consistent with
the solvent with the highest GB in the electrospray
solution removing protons from multiply charged pro-
tein ions resulting in lower charge states in electrospray
mass spectra. This observation is not consistent with the
postulation by Ridge and co-workers [17] that the
maximum charge state is determined by the GB of the
least volatile solvent. If this was the case, then there
should be no effect on the maximum charge state due to
the addition of the various solvents that are more
volatile than water. Although there is a measurable
effect, the charge state shift observed with methanol,
acetonitrile, and isopropanol is not as great as would be
expected based on results from kinetic studies of ion–
molecule reactions done under the low pressure but
long time frame experiments of the FT/ICR [24].
In addition to the energetic requirements for proton
transfer to occur, there are also effects due to the
number of collisions. Large multiply charged ions are
not efficiently deprotonated at threshold energies due
to steric effects. Thus, the total number of collisions
between a protein ion and the solvent also influences
the extent of deprotonation that occurs. The heated
metal capillary is where most gas-phase collisions occur
once ions enter the electrospray interface/quadrupole
mass spectrometer. This is due to the relatively high
pressures within it (atmospheric pressure at the en-
trance) and its length (12 cm). Ions undergo ;16,000
times more collisions in the capillary than in the region
between the end of the capillary and the first skimmer,
and ;14 times more collisions in the region between the
end of the capillary and the first skimmer than in the
region between the first and second skimmers. The
number of collisions that could possibly occur prior to
an ion entering the electrospray interface/mass spec-
trometer is significantly smaller than the number inside
the heated metal capillary due to the very small sepa-
ration distance between the pulled electrospray capil-
lary and the heated metal capillary (;2 mm).
An estimate of the number of gas-phase collisions
that occur between multiply charged cytochrome c ions
and solvent molecules under the conditions of this
electrospray experiment was obtained using a hard
spheres approximation [25]. For ions formed by electro-
spray ionization from a 50/50 water/organic solution,
the number of collisions that occur between cytochrome
c 151 ions and organic solvent molecules is ;5700,
3900, and 2200 with methanol, acetonitrile, and isopro-
panol, respectively. A detailed description of the pa-
rameters used in these calculations is given in the
Appendix. These collision numbers are an upper limit
to the actual number of collisions because we assume
for the purpose of this calculation that all the electros-
prayed organic solvent enters the capillary and that all
cytochrome c ions are formed prior to entering the
heated metal capillary.
Although the calculated number of collisions ap-
pears large, the actual number is almost certainly much
lower because not all the solvent enters the heated
metal capillary and many analyte-containing droplets
are not entirely desolvated until they travel a good
distance into the heated metal capillary. Thus, the
actual number of collisions that occur between an
analyte ion and the solvent molecules is difficult to
assess. In addition, not all collisions will result in the
transfer of a proton because not all protonation sites are
equally reactive. Only a small fraction of the protonated
sites in a multiply charged protein ion have sufficiently
low values of GBapp to undergo proton transfer at
threshold energies. For example, the reduced cross
section of the 201 charge state of cytochrome c is
estimated to be ;5% of the Langevin cross section [16].
Thus, only 1 in 20 thermal collisions would be expected
to have the required energy necessary for proton trans-
fer on the time scale of this experiment. Steric effects
will reduce this fraction even further. This, combined
with the limited number of actual collisions, contributes
to a relatively low probability for reactive gas-phase
encounters between analyte ions and solvent molecules.
Increasing the gas-phase concentration of solvent
molecules does affect the maximum charge state and
charge state distributions of multiply protonated ions
[10]. This effect is illustrated for cytochrome c in Figure
6. The ions were formed by electrospray from a 47%/
50%/3% water/isopropanol/acetic acid solution under
conditions where the electrospray interface was encom-
passed by three different bath gasses: ambient atmo-
sphere (Figure 6a), nitrogen saturated with water vapor
(Figure 6b), and nitrogen saturated with isopropanol
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(Figure 6c). The charge state distribution of cytochrome
c observed with the nitrogen bath gas saturated with
water is similar to that obtained with the ambient
atmosphere, although there is a very slight shift to
higher charge. In contrast, the charge state distribution
and maximum charge state are very clearly shifted to a
lower charge when the nitrogen bath gas is saturated
with isopropanol. The observed maximum charge state
is 161 (the maximum calculated for cytochrome c with
isopropanol as the organic solvent is 191). Under these
conditions, there is a ;7600 fold increase in the number
of collisions that can occur between cytochrome c ions
and isopropanol. This illustrates that factors other than
just the relative apparent GB of the protein ion and
solvent can influence both the maximum charge state
and charge state distributions. The concentration of the
solvent, which influences the number of collisions, must
also play a significant role. It should be noted that the
addition of gas-phase isopropanol decreases the rate of
evaporation of isopropanol in the electrospray droplet,
resulting in an enhancement in the isopropanol concen-
tration in the droplet relative to conditions in which
gas-phase isopropanol is not present. This would result
in an increased rate of deprotonation due to solvent
evaporating from solvated ions.
Solvent Evaporation Versus Gas-Phase Collisions
There are two possible ways for a solvent molecule to
deprotonate an ion formed by electrospray. Gas-phase
collisions between desolvated proteins ions and solvent
molecules occur and can result in proton transfer [24].
The other possible way for protein ions to be deproto-
nated is via the desolvation process. That is, the last
several solvent molecules from a solvated ion are in
close contact with the charge sites in the protein. As
these molecules evaporate, they can abstract a proton
[16]. Clearly, both mechanisms must occur. We are not
able to differentiate between these mechanisms from
these experiments alone. However, these two processes
can be independently studied by examining either the
gas-phase ion–molecule chemistry of isolated protein
ions [24, 26–28] or by storing solvated ions at ultrahigh
vacuum using trapping instruments, such as the Fou-
rier-transform mass spectrometer, to directly observe
the solvent evaporation process [29, 30].
In the solvent evaporation process, the most volatile
solvent preferentially leaves, resulting in a solvated
analyte ion in which the solvent is enhanced in the least
volatile component. Ridge and co-workers [17] pro-
posed that the maximum charge state of an ion should
then be determined by the GB of the least volatile
solvent. Preferential solvent evaporation does result in
different concentrations of the solvent in the electros-
pray droplet from that in the bulk. The change in
concentration of the solvents can influence both the
maximum charge state and charge state distributions
observed by electrospray ionization (vide supra). How-
ever, the results for diethylamine reported above show
that other factors, such as the GB of the most volatile
component, can also have a dramatic effect on the
observed charges. The results presented here indicate
that both the GB and the concentration of the solvent
play significant roles in the observed charge state
distribution, even for solvents that are more volatile
than water.
Lower Volatility Solvents
Methanol, acetonitrile, and isopropanol are all more
volatile than water. To test the effects of solvents with
boiling points that are higher than that of water, acidi-
fied aqueous solutions containing either 2-me-
thoxyethanol or ethylene glycol were prepared. The GB
of 2-methoxyethanol (174 kcal/mol) is similar to that of
methanol (173 kcal/mol), but the standard boiling tem-
peratures of these compounds are 124 and 65 °C, re-
spectively. The GB of ethylene glycol (185 kcal/mol) is
slightly higher than that of isopropanol (182 kcal/mol),
but the boiling points of these compounds are 197 and
82 °C, respectively.
Three small peptides, Lys2, Lys4, and Lys5, were
electrosprayed from 47%/50%/3% water/methanol/
acetic acid solutions with and without ethylene glycol.
The electrospray mass spectra of each of these peptides
exhibit two charge states; 21 and 11 for Lys2 and 31
and 21 for both Lys4 and Lys5. Addition of ethylene
glycol results in a lowering of the higher charge state
(Table 1). With the addition of 12% ethylene glycol, the
ratio of (M 1 2H)21/(M 1 H)11 decreases 48% for
Lys2, and the (M 1 2H)
31/(M 1 2H)21 ratio decreases
by 80% and 91% for Lys4 and Lys5, respectively. These
results are consistent with the ethylene glycol removing
a proton preferentially from the higher charge state ions
Figure 6. Cytochome c (1025 M) electrosprayed from 47%/
50%/3% water/methanol/acetic acid using a bath gas of (a)
ambient atmosphere, (b) nitrogen bubbled through water (GB 5
158 kcal/mol), and (c) nitrogen bubbled through isopropanol
(GB 5 182 kcal/mol).
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of these small peptides. Similar results were obtained
with 1,n-diaminoalkanes (n 5 5, 7, 9).
In striking contrast to the results obtained for the
small peptides, addition of even small amounts of either
2-methoxyethanol or ethylene glycol results in an en-
hancement of the higher charge states of cytochrome c as
well as myoglobin. This effect is illustrated in Figures 7
and 8 for ethylene glycol (up to 12%) and Figures 9 and
10 for 2-methoxyethanol (up to 50%). For cytochrome c,
the 211 charge state increases in abundance from 1% to
18% with the addition of 12% ethylene glycol. Similarly,
the abundance of the 291 ion of myoglobin increases
from 2% to 24% with 12% ethylene glycol added. A shift
in the maximum of the charge state distribution to
higher charge for both proteins is also clearly observed.
For myoglobin, a bimodal distribution of charge states
occurs with 12% ethylene glycol. The origin of the
enhancement in the abundance of the maximum charge
state for these two proteins, but not for the polylysine
peptides, is unclear. The apparent dependence on ana-
lyte size suggests that some conformational changes
may be influencing the results for proteins. One possi-
ble explanation for this effect is that the temperature of
the electrospray droplets containing the lower vapor
pressure solvents is likely to be higher than in droplets
containing high vapor pressure solvents, due to lower
evaporation rates for the former. But other factors are
also likely playing roles. In any case, these results (as do
the results of others) show that other solvent properties,
besides GB, influence the observed maximum charge
state and charge state distributions in electrospray
ionization of large molecules.
Conclusions
The charge state distributions of two proteins, cyto-
chrome c and myoglobin, shift to lower charge (higher
m/z) with increasing gas-phase basicity of the 50%
solvent fraction. The abundance of the maximum
charge state is also reduced significantly. However, the
changes in maximum charge states are only a small
fraction of what would be predicted based on ion–
molecule reactions between multiply charged ions and
solvent molecules measured under the low pressure
and long time frames of the FT/ICR experiment. This
may be due to several factors, such as the solvent
concentration and the number of gas-phase collisions,
which affect the extent to which proton transfer occurs.
It should also be noted that physical properties other
than only the gas-phase basicity vary for these different
Table 1. Abundance ratios of charge states observed in the electrospray mass spectra of di-, tetra-, and pentapeptides of lysine. The
electrospray mass spectra of each of these three peptides exhibited two predominant charge states: the 21 and 11 for (Lys)2, and the
31 and 21 for both (Lys)4 and (Lys)5. The solution matrix containing no ethylene glycol was 47% water/50% methanol/3% acetic
acid. The solution matrix containing ethylene glycol was 41% water/44% methanol/12% ethylene glycol/3% acetic acid
Ethylene glycol
(%)
(Lys)2
(M 1 2H)21/(M 1 H)1
(Lys)4
(M 1 3H)31/(M 1 2H)21
(Lys)5
(M 1 3H)31/(M 1 2H)21
0.0 2.4 0.66 4.9
12.0 1.2 0.13 0.45
Figure 7. Cytochrome c (1025 M) electrosprayed from solutions
containing (a) no ethylene glycol, (b) 1% ethylene glycol, and (c)
12% ethylene glycol. The base solution was 47%/50%/3% water/
methanol/acetic acid. For (b) and (c), ethylene glycol was added
in place of corresponding amounts of water and methanol. All
three solutions contained 3% acetic acid.
Figure 8. Myoglobin (1025 M) electrosprayed from solutions
containing (a) no ethylene glycol, (b) 1% ethylene glycol, and (c)
12% ethylene glycol. The base solution was 47%/50%/3% water/
methanol/acetic acid. For (b) and (c), ethylene glycol was added
in place of corresponding amounts of methanol and water. All
three solutions contained 3% acetic acid.
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solvents and that some of these properties also play a
role in the observed charge state distributions.
Addition of even small amounts of solvents that
have even higher gas-phase basicities results in signif-
icant shifts in both the maximum charge state and
charge state distributions to lower charge. This effect is
related to the propensity of the solvent to remove
protons preferentially from the higher charge state ions.
This can occur either by gas-phase collisions with
“naked” analyte ions or it can occur in the ion desolva-
tion process, whereby the solvent molecule removes a
proton as it evaporates. These results clearly demon-
strate that solvents which are more volatile than water
do influence both the maximum charge state and the
charge state distributions observed in electrospray ion-
ization.
Similar results are obtained using solvents that are
less volatile (higher boiling points) than water for small
peptides. A surprising result from this study is that the
addition of even small amounts of two higher boiling
point solvents, ethylene glycol and 2-methoxyethanol,
results in an enhancement of the higher charge states of
both cytochrome c and myoglobin. The origin of this
effect is not clear, but the apparent dependence on
analyte size suggests conformational differences may be
playing a role. Because the capabilities of most mass
spectrometers improves at lower m/z, addition of these
solvents could be useful when formation of higher
charge state ions and maximum performance is desired.
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Appendix
The number of analyte ion and solvent molecule colli-
sions that occur within the capillary, within the region
between the end of the capillary and the first skimmer,
and within the region between the first and second
skimmers are calculated using a hard spheres approxi-
mation model [25] with the following assumptions and
parameters.
Analyte ions were assumed to have the same speed
as gas entering the capillary. Densities of organic sol-
vents were obtained from the literature [31]. The colli-
sional cross section of the 151 charge state of cyto-
chrome c was obtained from Clemmer and Jarrold [32].
The following additional values were used:
Molecular weight of analyte ion: 12,300 D
Solution concentration of organic
solvent component:
50% (by
volume)
Electrospray flow rate: 50 nL/min
Flow rate of gas into spectrometer: 1.0 L/min
Collisional cross section of ion: 2500 Å2
Collisional diameter of solvent
component:
5 Å
Capillary diameter: 0.50 mm
Capillary length: 12 cm
Temperature within capillary: 150 °C
Pressure within capillary: 760 torr
Temperature in region between
capillary and first skimmer:
100 °C
Pressure in region between capillary
and first skimmer:
1 torr
Length of region between capillary
and first skimmer:
0.635 cm
Figure 9. Cytochrome c (1025 M) electrosprayed from solutions
containing (a) no 2-methoxyethanol, (b) 25% 2-methoxyethanol,
and (c) 50% 2-methoxyethanol. The base solution was 47%/
50%/3% water/methanol/acetic acid. For (b) and (c), 2-me-
thoxyethanol was added in place of corresponding amounts of
methanol. All three solutions contained 3% acetic acid.
Figure 10. Myoglobin (1025 M) electrosprayed from solutions
containing (a) no 2-methoxyethanol, (b) 25% 2-methoxyethanol,
and (c) 50% 2-methoxyethanol. The base solution was 47%/
50%/3% water/methanol/acetic acid. For (b) and (c), 2-me-
thoxyethanol was added in place of corresponding amounts of
methanol. All three solutions contained 3% acetic acid.
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Temperature in region between first
and second skimmers:
100 °C
Pressure in region between first and
second skimmers:
6 3 1022
torr
Distance between first and second
skimmers:
0.635 cm
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